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An ideal layered xˆ-polarized antiferromagnet (AFM) between two antialigned ±zˆ polarized fer-
romagnetic (FM) contacts transmits no current due to a pi phase difference of the matrix elements
coupling the spin degenerate states to the two FM contacts. Inserting a normal metal layer or tunnel
barrier layer between one FM contact and the AFM alters this phase difference, and, due to the
unequal weighting of the two spins at the interface, it also breaks the spin degeneracy of the two
AFM states. The broken symmetry of the matrix elements combined with the broken degeneracy
of the AFM states, result in a Fano resonance in the transmission and a turn-on of the T↑,↓ trans-
mission channel. Such a magnetic tunnel junction geometry with two antialigned ±zˆ FM contacts
can electrically detect an AFM skyrmion. The AFM skyrmion serves as an analogue of the oblique
polarizer in the triple polarizer experiment. Resistances and resistance ratios are calculated and
compared for FM and AFM skyrmions in a magnetic tunnel junction.
I. INTRODUCTION
There is rapidly growing interest in antiferromagnetic
(AFM) materials for use as the active elements of spin-
tronic devices1–3. Their lack of macroscopic magnetic
fields allows AFM devices and interconnects to be highly
scaled with reduced cross talk and insensitivity to ge-
ometrical anisotropy effects. AFMs have resonant fre-
quencies, magnon velocities, and switcing speeds that are
several orders of magnitude higher than those in ferro-
magnetic (FM) materials1,4. The opportunities of speed,
scaling, and robustness to stray fields come with chal-
lenges. The insensitivity to external fields makes both
the manipulation and detection of the AFM order pa-
rameter difficult.
In this work, we consider the magnetoresistance of a
magnetic tunnel junction (MTJ) with a layered AFM
metal inserted between the barrier and lower FM con-
tact as shown in Fig. 1. The polarization of the two FM
contacts are anti-parallel with the magnetic moments in
the ±zˆ directions. This is the configuration of the high
resistance state of a MTJ. However, if a FM layer with
magnetization oriented in the xˆ direction is placed be-
tween the two FM contacts, it serves as an analogue of
the oblique polarizer5 in the three-polarizer experiment,
and it opens up the T↑,↓ transmission channel reducing
the resistance to within a factor of 1/2 of the aligned
value. We now ask the question, “Will a collinear AFM
layer with its Néel vector oriented in the xˆ direction also
act as an analogous oblique polarizer in the MTJ?” In a
collinear AFM, each spin S is paired with it opposite spin
−S in an AFM unit cell. Since the sum and difference of
the eigenstates of sx give the eigenstates of sz, it is not
clear that a xˆ polarized AFM layer will act in the same
way as a xˆ FM layer.
However, it is clear that the orientation of an
AFM layer can affect the tunneling magnetoresistance
(TMR). Theoretical work analyzing the magnetoresis-
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Figure 1: A magnetic tunnel junction consisting of
ferromagnet/ insulator/ anti-ferromagnet/ ferromagnet
layers. The AFM layer consists of a compensated,
aligned, layered AFM with a Néel vector that is either
(a) out-of-plane or (b) in an AFM skyrmion texture.
The top and bottom FM contacts have perpendicular
magnetic polarization, and their polarizations are
anti-parallel corresponding to the high resistance state
of a traditional MTJ. The spacing layer between the top
contact and AFM can be a tunnel barrier or normal
metal (NM).
tance of misaligned, collinear AFM layers does find
that Néel vector alignment affects the resistance.6–11
Experimentally, resistance changes due to Néel vec-
tor alignment are observed in the tunneling anisotropic
magnetoresistance.12–14
Due to magnetic crystalline anisotropy, the Néel vector
of the AFM layer will prefer to align along a given axis. If
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2we assume perpendicular magnetic anisotropy, the Néel
vector will align in the ±zˆ direction. To rotate and sta-
bilize the Néel vector in the xˆ direction requires altering
the magnetic anisotropy such as by applying strain14,15.
Another way to obtain local xˆ components of the Néel
vector is by the presence of a local topological spin tex-
ture such as a skyrmion.
There have been a number of theoretical investigations
of creation, stability, and control of AFM and synthetic-
AFM skyrmions16–25. Recent experimental work shows
that ultra-small size AFM skyrmions can be stabilized
at room temperature in synthetic antiferromagnets and
Heusler compounds26,27. Theoretical estimates predict
that skyrmion diameters can reduced below 20 nm in
synthetic AFMs26.
Methods for detecting AFM skyrmions include topo-
logical spin hall measurements28 and magnetic force
microscopy29. However neither of the above approaches
are well suited for application in highly scaled memory
devices. From the perspective of geometry and scaling,
the MTJ is an ideal structure due to its minimal in-
plane cross-sectional area and two-terminal operation.30
For FM skyrmions, electrical detection has been heavily
investigated31–38. Among these studies, electrical detec-
tion of single FM skyrmions in an MTJ geometry was
theoretically investigated in Ref.38. We will show that
the presence or absence of an AFM skyrmion in the MTJ
structure of Fig. 1(b) also gives rise to a magnetoresis-
tance difference suitable for electrical detection.
The paper is organized as follows. Sec. II describes
the methods used for the numerical calculations. The
Néel vector dependence of the magnetoresistance of the
structure shown in Fig. 1(a) is analyzed in Sec. III. The
magnetoresistances due to the presence of both FM and
AFM skyrmions are described in Sec. IV. Summary and
conclusions are given in Sec. V.
II. METHODS
The model tight-binding Hamiltonian for the system
of Fig. 1 is6,39
H =
∑
i
c†i ici +
∑
<i,j>
(c†i t0cj +H.c.)− J
∑
i
c†iσi · Sici,
(1)
where i, j are the site indices, and
∑
〈i,j〉 indicates a sum
over all nearest neighbors. ci = [ci,↑ ci,↓]T is the spinor
annihilation operator for site i. Si is localized spin on site
i, σi is the electron spin on site i, and J is the Hund’s
coupling. t0 is the nearest neighbor hopping term, and
i is an on-site energy term used to create the insulating
barrier and align the bands in the different regions. In
the insulating region, i = ±3.8 eV alternates between
layers in the z direction mimicking alternating layers of
anions and cations. This results in an insulating gap at
Γ of 7.8 eV, which is the same as MgO. In the AFM
and FM regions, i is constant and only serves to align
the bands of the different regions. With this model, the
tight binding dispersions for the AFM, insulating, and
FM regions are
EAFM = ±
√
J2 + 2t20(1 + cos(kza)) + t(kx, ky) (2)
EI = ±
√
2i + 2t
2
0(1 + cos(kza)) + t(kx, ky) (3)
EFM = ±J + 2t0 cos(kza) + t(kx, ky) (4)
where t(kx, ky) = 2t0 cos(kxa)+2t0 cos(kya). With t0 =
−0.3812 eV and a = 5 Å, m* = 0.4me which corresponds
to the effective mass of MgO.
The tunneling magnetoresistance is calculated from the
conductance given by
G = −e
2
h
∑
σ,σ′
∫
d2k
4pi2
∫
dE Tσ,σ′(E,k)
(
∂f(E − EF )
∂E
)
(5)
where the transmission coefficent is
Tσ,σ′(E) = trace{ΓLσ,σGRσ,σ′ΓRσ′,σ′GAσ′,σ}, (6)
and k is the two dimensional wavevector in the x − y
plane. In Eqs. (6), the retarded Green’s function is
GR(E,k) = [E −H(k)− ΣL(E,k)− ΣR(E,k)]−1, (7)
where ΣL,R are the self energies due to the semi-infinite
FM contacts, GA = GR†, and ΓL,R = −2Im{ΣL,R}. Nu-
merically, the contact self energies are calculated using
the decimation method40 with a an imaginary term iη on
the diagonal elements with η = 0.5 meV. In the analysis
of Sec. III, an exact analytical expression is also used.
For the 3D devices in Sec. IV, the conductance is calcu-
lated at zero temperature so that −∂f/∂E = δ(E−EF ),
and the Fermi level is chosen such that the top contact
is 100% polarized. Thus, Eq. (5) becomes
G = −e
2
h
∑
σ
∫
d2k
4pi2
T↑,σ(EF ,k). (8)
To simulate MTJ structures with skyrmions, a 15× 15
site supercell is used with periodic boundary conditions
in the x-y plane. The integral over kx and ky is per-
formed using noramalized k′x,y ∈ [0, pi]. The momentum
discretization length is chosen to be dk′x = dk′y = pi/31.
The resistance is R = Acs/G, which Acs is the area of
the supercell in the x-y plane.
For the 1D spin chain, the expectation value of the
spin at each site is calculated from the left injected spinor
wavefunction, normalized at each site, and given by
ψLn =
[
GR1↑,n↑
GR1↑,n↓
]
/
√∣∣∣GR1↑,n↑∣∣∣2 + ∣∣∣GR1↑,n↓∣∣∣2. (9)
The expectation value of the polar angle at each site is
then
θn = arccos(〈ψLn |σz|ψLn 〉). (10)
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Figure 2: (a) Schematic showing the 4 different regions: up-spin polarized top contact, tunnel barrier, FM or AFM
region with various spin alignments, and down-spin polarized bottom contact. (b) - (e) T↑,↓ transmission with the
device region in a (b) x-polarized FM state and a (c) x-polarized AFM state. The lower dashed-dot blue curve in (c)
shows the same transmission when the tunnel barrier is removed. (d) T↑,↓ transmissions with the device region is in
a z-polarized FM or AFM state. (e) Transmission of the x-polarized FM and AFM devices when the tunnel barrier
is replaced with a normal metal layer. (f) Expectation value of the polar angle of the spin at each lattice site for the
x-FM and x-AFM device. For the FM device, the two angles are shown for the peak and valley indicated by the
astericks in (b), and for the AFM device, the two angles are shown for the peak and the zero designated by the
astericks in (c).
The magnetization of a FM skyrmion or the Néel vec-
tor of a single skyrmion is described by
n(r) = [sin γ(r) cosϕ(φ), sin γ(r) sinϕ(φ), cos γ(r)] (11)
where ϕ(φ) = mφ + υ, φ = tan−1( yx ), and υ determines
the helicity of skyrmion. Since a layered type AFM is
considered, the AFM skyrmions are constructed as FM
skyrmions in each layer with n reversed in alternating
layers. We consider both Bloch-type (m = 1, υ = pi2 ) and
Néel type (m = 1, υ = 0) skyrmions with γ(r = 0) = 0,
γ(0 < r < R) = pi(1− rR ), and γ(r > R) = pi, where R is
the radius of the skyrmion. The diameter of the skyrmion
is 13 gridpoints. Since the discretization length is 5 Å,
the skyrmion diameter is 6.5 nm. Although the size of
skyrmion is small, it includes enough sites to capture the
physics we discuss here.
III. TRANSMISSION THROUGH A LAYERED
AFM IN A MTJ
The layered structure that we first consider is schemat-
ically illustrated in Fig. 2(a). It consists of two 100% po-
larized anti-aligned FM contacts with the spin polarized
in the ±zˆ direction. In the central region, we consider
both FMs and layered AFMs polarized in the ±zˆ or ±xˆ
directions. We refer to this region as the “device region.”
For the calculations shown in Fig. 2, its thickness is fixed
at 10 nm (20 layers). This is for illustration purposes,
since it allows multiple resonant peaks to be shown. The
system is considered both with and without the tunnel
barrier. The insulating barrier thickness (WI) is 2 nm.
The Hund’s coupling in the contacts is J = 500 meV
to enforce 100% polarization, and in the device it is 120
meV. The nearest neighbor hopping term is t0 = −0.38
eV. We begin by presenting numerical Γ-point calcula-
tions of the transmission for various spin alignments in
Fig. 2, and then we provide an analytical analysis of
transmission through the AFM layer.
When the device region is either FM or AFM and po-
larized in the ±zˆ direction, the T↑,↓ transmission is sup-
pressed by more than 18 orders of magnitude as shown in
Fig. 2(d). The conductance resulting from this channel
would be unmeasurable.
When the device region is FM polarized in the xˆ di-
rection, i.e. Si = xˆ in the device region, the transmission
of the spin flip channel increases over 10 orders of mag-
nitude to approximately 10−8 as shown in Fig. 2(b).
The x-polarized region serves as the oblique polarizer
that allows transmission between the anti-aligned con-
tacts. The red diamonds correspond to the particle-in-
a-box energies corresponding to integer half-wavelengths
4confined in the device region between the tunnel bar-
rier and the bottom FM contact. Using the tight bind-
ing dispersion, Eq. (4), these energies are EFM(n) =
−JH − 4|t0| − 2|t0| cos
(
npi
N+1
)
where n = 1, 2, 3, · · · ,
and N = 20 is the number of lattice sites in the FM
device region. The lowest resonances in the transmis-
sion are close to the energies of a confined wavefunction.
As the resonance energies increase, the resonance peaks
fall further below the energy of a confined state, since
the higher energy states are less well confined by a fi-
nite confining potential. While the tunnel barrier creates
good confinement on the left, the matrix element to the
right −zˆ polarized contact is only reduced by a factor
of 1/
√
2 compared to that when the spins of the device
and contact are aligned. Therefore, the resonances are
very broad as expected for weak confinement. For the
xˆ polarized FM device, the tunnel barrier only serves
to reduce the overall conductance. Without the tunnel
barrier, the resonant transmission peaks reach 1.0, i.e.
perfect transmission, as expected for equal coupling to
the two contacts.
Fig. 2(f) shows the expectation value of the polar angle
of the spin at each site calculated from Eq. (10) for
wavefunctions calculated at the energies corresponding
to the two blue stars in Figs. 2(b) and 2(c). Once the +zˆ
electron tunnels through the barrier, it becomes polarized
in the xˆ direction in the FM device. This xˆ polarized
electron can then pass into the −zˆ polarized right contact
in complete analogy with the three polarizer experiment.
When the xˆ polarized FM device is replaced with an
AFM device with an xˆ polarized Néel vector, the picture
becomes more interesting. The transmission of the sys-
tem is shown in Fig. 2(c). The broad resonances result-
ing from the x-AFM device of Fig. 2(b) are replaced by
sharp Fano resonances. A Fano resonance results when
there are two transmission paths in which an extended
state is weakly coupled to a localized state41. In the xˆ-
AFM device, the two transmission paths are provided by
the doubly degenerate AFM band. The red diamonds in
Fig. 2(c) show the energies corresponding to integer half
wavelengths in the device region of the AFM band. For
the bipartite AFM lattice, these energies are given by Eq.
(15). In a simple model of a bound state weakly coupled
to a 1D chain, the zeroes of the transmission occur at ex-
actly the unperturbed energy of the bound state. In this
case, the zeroes of the transmission occur at the ener-
gies of ideal particle-in-a-box states bound in the xˆ-AFM
device region.
The expectation value of the polar angles calculated at
the peak and zero indicated by the blue stars in Fig. 2(c)
are shown in Fig. 2(f) as a function of position. At the
transmission peak, the spin starts to pick up an in-plane
component while still in the tunnel barrier, and maintains
a finite in-plane component at every site within the xˆ-
AFM region. At the transmission zero, the spin remains
zˆ polarized throughout the barrier, only acquires an in-
plane component at the first site of the xˆ-AFM region,
and is 100% zˆ spin polarized at the last site of the xˆ-AFM
region.
A more surprising result from the xˆ-AFM device is that
when the tunnel barrier is removed, the transmission falls
orders of magnitude as shown by the blue curve in Fig.
2(c). This is contrary to expections, since one would
expect that in the absence of a tunnel barrier, the con-
ductance should exponentially increase, such as it does
for the xˆ-FM device. Thus, the non-magnetic tunneling
region must play a critical role in coupling the two de-
generate AFM bands to the contacts and to each other.
If we replace the tunneling region with a normal metal
region, then we find that the Fano resonances remain,
but the transmission uniformly increases, such that the
transmission peaks approach 1.0.
To understand the role of a tunneling region or a nor-
mal metal region, we consider a xˆ-AFM region sand-
whiched between two anti-aligned zˆ-FM contacts with
no tunnel barrier. We work in the orbital basis of the
eigenstates of the finite xˆ-AFM device and in the spinor
basis of the eigenstates of σx, which we will refer to as
the {|X〉} basis. The FM contact regions are included
through self-energies on the first and last sites of the xˆ-
AFM device.
For a periodic xˆ-AFM system, the unit cell con-
sists of 2 lattice sites labeled as the α site and the
β site. The lattice constant corresponding to the
two sites is auc. The spinor {|X〉} basis in which
we represent the Hamiltonian is {χ+α ,χ−α ,χ+β ,χ−β } =
{ 1√
2
[1 1 0 0]T , 1√
2
[1 -1 0 0]T , 1√
2
[0 0 1 1]T , 1√
2
[0 0 1 -1]T }
where the order corresponds to [α ↑, α ↓, β ↑, β ↓]. In
this basis, the Hamiltonian matrix resulting from Eq. (1)
with Si = ±xˆ is
H =
 −J 0 tk 00 J 0 tkt∗k 0 J 0
0 t∗k 0 −J
 . (12)
where tk = t0(1 + e−ikauc) = 2t0 cos(kauc/2)e−ikauc/2.
The 2 degenerate band eigenenergies are E = ±k where
k =
√
J2 + 4t2 cos2(kauc2 ). The two eigenvectors of the
degenerate lower band, normalized within each unit cell,
are
|ζ−+x〉 =
[√
1 + Jk |χ+α 〉+ eikauc/2
√
1− Jk |χ
+
β 〉
]
eiknucauc√
2
(13)
|ζ−−x〉 =
[√
1− Jk |χ−α 〉+ eikauc/2
√
1 + Jk |χ
−
β 〉
]
eiknucauc√
2
(14)
where nuc is the index of the unit cell.
In the finite length uncoupled device, the plane
wave solutions become the standing wave solutions
with discrete wavevectors kp = ppi(Nuc+ 12 )auc
where p ∈
{1, 2, · · · , Nuc} and Nuc is the number of unit cells in the
AFM region. The discrete eigenenergies are
EAFM(p) = ±
√
J2 + 4t20 cos
2
(
ppi
2Nuc+1
)
. (15)
5The two degenerate eigenstates for each discrete energy
within the lower band are
|ξ1, p〉 = 1√
Nuc+1/2
[
sin
(
(nuc− 12 )pip
Nuc+
1
2
)√
1 + Jp |χ+α 〉
+ sin
(
nucpip
Nuc+
1
2
)√
1− Jp |χ
+
β 〉
]
(16)
and
|ξ2, p〉 = 1√
Nuc+1/2
[
sin
(
(nuc− 12 )pip
Nuc+
1
2
)√
1− Jp |χ−α 〉
+ sin
(
nucpip
Nuc+
1
2
)√
1 + Jp |χ
−
β 〉
]
(17)
where p =
√
J2 + 4t20 cos
2
(
ppi
2Nuc+1
)
.
For the non-equilibrium Green function analysis of the
transmission, we will work in the basis of the eigenstates
of the lower band of the isolated xˆ-AFM region. The
presence of the Fano resonances with zeros at the en-
ergies −p guides us to focus on the degenerate 2 × 2
p subspace defined by the two degenerate states |ξ1, p〉
and |ξ2, p〉. We will consider how the the coupling to
the anti-aligned, ±zˆ-FM contacts affects the degenerate
p subspace and determine the transmission resulting from
these two states. In the FM contacts we use the localized
orbital | ↑〉, | ↓〉 basis. The basis states at site 0, the last
site of the left contact, are denoted as {|0, ↑〉, |0, ↓〉} and
at site N + 1, the first site of the right contact, they are
denoted as {|N + 1, ↑〉, |N + 1, ↓〉}.
The self energies due to coupling of the AFM device
states to the up spin band of the left contact and the
down spin band of the right contact require the surface
Green functions and the matrix elements. The Hamilto-
nian matrix element between |ξ1, p〉 and the spin up band
of the left contact is
t0↑,1 =〈0, ↑ |H|ξ1, p〉
= 1√
Nuc+1/2
sin
(
1
2pip
Nuc+
1
2
)√
1 + Jp 〈0, ↑ |H|χ+α 〉.
(18)
The matrix element 〈0, ↑ |H|χ+α 〉 = t0/
√
2, so that
t0↑,1 = 1√2Nuc+1 sin
(
1
2pip
Nuc+
1
2
)√
1 + Jp t0. (19)
The matrix element between |ξ2, p〉 and the spin up band
of the left contact is
t0↑,2 = 〈0, ↑ |H|ξ2, p〉
= 1√
Nuc+1/2
sin
(
1
2pip
Nuc+
1
2
)√
1− Jp 〈0, ↑ |H|χ−α 〉
= 1√
2Nuc+1
sin
(
1
2pip
Nuc+
1
2
)√
1− Jp t0. (20)
The nonzero matrix elements of |ξ1, p〉 and |ξ2, p〉 to the
spin down band of the right contact are
t1,N+1↓ =〈ξ1, p|H|N + 1, ↓〉
= 1√
Nuc+1/2
sin
(
Nucpip
Nuc+
1
2
)√
1− Jp 〈χ
+
β |H|N + 1, ↓〉
= 1√
2Nuc+1
sin
(
Nucpip
Nuc+
1
2
)√
1− Jp t0, (21)
and
t2,N+1↓ =〈ξ2, p|H|N + 1, ↓〉
= 1√
Nuc+1/2
sin
(
Nucpip
Nuc+
1
2
)√
1 + Jp 〈χ
−
β |H|N + 1, ↓〉
=− 1√
2Nuc+1
sin
(
Nucpip
Nuc+
1
2
)√
1 + Jp t0. (22)
To shorten the notation, we define t1 ≡ t0↑,1, and the
ratio
µ ≡
√
1−J/p
1+J/p
. (23)
Furthermore, since sin
(
Nucpip
Nuc+
1
2
)
= (−1)p+1 sin
(
1
2pip
Nuc+
1
2
)
,
the 4 matrix elements are related as follows,
t0↑,1 ≡ t1
t0↑,2 = µt1
t1,N+1↓ = (−1)p+1µt1
t2,N+1↓ = (−1)pt1. (24)
In the FM leads, the surface Green function is diagonal
in the spin. Within the 2 × 2 degenerate subspace, the
self energies due to coupling to the lower spin-polarized
bands of the left and right contacts are
ΣLi,j = ti,0↑g0↑,0↑t0↑,j (25)
and
ΣRi,j = ti,N+1↓gN+1↓,N+1↓tN+1↓,j , (26)
respectively. Since the bands of the left and right con-
tacts are anti-aligned, the surface Green functions are
equal,
gs ≡ g0↑,0↑ = gN+1↓,N+1↓, (27)
and given by
gs =
1
|t0|
[
E + J
2|t0| − i
√
1−
(
E+J
2t0
)2]
(28)
where (−J − 2|t0| ≤ E ≤ −J + 2|t0|). Although it will
not be needed, for energies below the bottom of the band
(E < −J − 2|t0|), and above the top of the band (−J +
2|t0| < E), the surface Green function is purely real and
given by gs = E+J
2t20
[
1−
√
1−
(
2t0
E+J
)2]
.
We are now ready to construct the self energies and
Green function of the device within the 2× 2 degenerate
subspace. The self energy matrix due to coupling to the
left lead is
ΣL =
[
1 µ
µ µ2
]
t21g
s, (29)
and
ΓL =
[
1 µ
µ µ2
]
t21a
s. (30)
6Similarly, the self energy matrix due to coupling to the
right lead is
ΣR =
[
µ2 −µ
−µ 1
]
t21g
s, (31)
and
ΓR =
[
µ2 −µ
−µ 1
]
t21a
s. (32)
In Eqs. (29) - (32), we utilized Eqs. (24) - (27) and the
relation as = −2 Im{gs} where as is the surface spectral
function.
The Green function of the 2× 2 degenerate p subspace
is
G =
[
E −HD − ΣL − ΣR
]−1
=
[
E + p − (1 + µ2)t21gs 0
0 E + p − (1 + µ2)t21gs
]−1
= g
[
1 0
0 1
]
(33)
where g = [E+ p− (1 +µ2)t21gs]−1. The transmission is
T = tr{ΓLGΓRG†}, and since G is diagonal and propor-
tional to the identity matrix, this becomes
T = |g|2tr{ΓLΓR}. (34)
However, ΓL and ΓR are degenerate, and the matrix
product ΓLΓR = 0. Thus, the transmission is identically
equal to 0 when the xˆ-AFM region is directly coupled to
the two anti-aligned ±zˆ-FM contacts.
This result does not depend on the exact cancellation
of the off-diagonal elements of the self energies. If we
detune J between the left and right contacts so that the
left gs differs from the right gs, or if we introduce asym-
metry in the coupling by replacing t0 with a different
hopping element tL in Eqs. (19) and (20), the transmis-
sion does not increase. Thus, the zero transmission does
not depend on a perfect cancellation of the off diagonal
elements of the sum ΣL + ΣR.
To obtain a transmission with a Fano resonance,
the ratio of the hopping elements to the left contact
t0↑,2/t0↑,1 = µ must be different from the ratio of the
hopping elements to the right contact, −t1,N+1↓/t2,N+1↓.
To show this analytically, we allow for modification of the
ratio µ, by defining new ratios u and v via
t0↑,2 ≡ ut0↑,1 = ut1 (35)
and
− t1,N+1↓ ≡ vt2,N+1↓ = (−1)p vt1. (36)
To mimick reduced coupling due to tunneling, we replace
t1 on the right hand side of Eq. (35) with tL = ζt1 with
ζ < 1. We set the surface Green function to be a constant
and only consider the imaginary part, gs = −ias/2. The
self energies of Eqs. (29) - (32) become
ΣL =
[
1 u
u u2
]
ζ2t21(−ias/2) (37)
ΓL =
[
1 u
u u2
]
ζ2t21a
s (38)
ΣR =
[
v2 −v
−v 1
]
t21(−ias/2) (39)
ΓR =
[
v2 −v
−v 1
]
t21a
s. (40)
The Green function then becomes (with ζ = 1)
G =
[
E + p + i
1
2at
2
1(1 + v
2) i 12at
2
1(u− v)
i 12at
2
1(u− v) E + p + i 12at21(1 + u2)
]−1
(41)
and the transmission is
T = tr{ΓLGΓRG†}
=
16t41a
2(u−v)2(E+p)2
[4(E+p)2−t41a2(1+uv)2]
2
+42t41(E+p)
2(2+u2+v2)2
. (42)
Two important points to take away from this are that the
zero in the numerator occurs exactly at the bound state
energy, and the transmission is identically equal to zero
if the coupling ratios u and v are equal.
Two poles of the transmission are
E = −p − iat
2
1
4
[
2+u2+v2 ± |u−v|
√
4+(u+v)2
]
(43)
and the other two poles are their complex conjugates.
The real parts of all of the poles are at the same energy as
the zero. Thus, this transmission contains the zero, but
it does not have the analytic form of a Fano resonance.
For a Fano resonance, the pole must be shifted slightly
away from the zero. This occurs when the degeneracy of
the two states |ξ1, p〉 and |ξ2, p〉 is broken.
Breaking of the degeneracy occurs when the AFM layer
couples to a normal layer, either metallic or insulat-
ing. This seems counterintuitive, since the two states
are 100% spin polarized and anti-aligned, so one would
expect that a finite magnetic moment or magnetic field
would be required to break the degeneracy. Two things
work to break the degeneracy. The α site of the left most
AFM layer couples most strongly to the normal layer on
the left. In our nearest neighbor tight binding model, it
is the only site that couples to the normal layer. On the
α site, the xˆ spin is weighted more heavily than the −xˆ
spin, and the ratio of the two different weights is µ. This
results in different couplings of the two degenerate states
|ξ1, p〉 and |ξ2, p〉 to the normal metal.
7To see this, consider a normal state |ψ0〉 with en-
ergy 0 = 0 coupled on the left to the two degener-
ate states |ξ1, p〉 and |ξ2, p〉 and work entirely within
the ±xˆ spin basis so that the spin basis of state ψ0 is{
χ+0 ,χ
−
0
}
=
{
1√
2
[1 1]T , 1√
2
[1 -1]T
}
. The nonzero ma-
trix elements that couple the two degenerate AFM states
to the normal state are
tχ+0 ,1
= 〈χ+0 |H|ξ1, p〉
= 1√
Nuc+1/2
sin
(
1
2pip
Nuc+
1
2
)√
1 + Jp 〈χ
+
0 |H|χ+α 〉
= 1√
Nuc+1/2
sin
(
1
2pip
Nuc+
1
2
)√
1 + Jp t0 (44)
and
tχ−0 ,2
= 〈χ−0 |H|ξ2, p〉
= 1√
Nuc+1/2
sin
(
1
2pip
Nuc+
1
2
)√
1− Jp 〈χ
−
0 |H|χ−α 〉
= 1√
Nuc+1/2
sin
(
1
2pip
Nuc+
1
2
)√
1− Jp t0 (45)
Defining t0,1 ≡ tχ+0 ,1, then tχ−0 ,2 = µt0,1, and the Hamil-
tonian matrix is
H =
 0 0 t0,1 00 0 0 µt0,1t0,1 0 −p 0
0 µt0,1 0 −p
 . (46)
The state |ξ1, p〉 splits into two states with energies E1 =
−p/2±
√( p
2
)2
+ t20,1 and the state |ξ2, p〉 splits into two
states with energies E2 = −p/2±
√( p
2
)2
+ µ2t20,1. The
eigenstates evolving from |ξ1, p〉 are
[|χ+0 〉 ± |ξ1, p〉] /√2,
and those evolving from |ξ2, p〉 are
[|χ−0 〉 ± |ξ2, p〉] /√2.
The coupling of the degenerate AFM states to the nor-
mal state lifts the spin degeneracy of the AFM states,
and, since |ξ1, p〉 is composed entirely of |χ+〉 spins and
|ξ2, p〉 is composed entirely of |χ−〉 spins, each state is
spin polarized.
We now take into account splitting of the levels in the
2×2 diagonal device Hamiltonian HD letting 1 = −p+
∆ and 2 = −p − ∆ so that the Green function of Eq.
(41) is modified to
G=
[
E+p−∆ + i 12at21(1+v2) i 12at21(u−v)
i 12at
2
1(u−v) E+p+∆ + i 12at21(1+u2)
]−1
(47)
and the resulting transmission is
T =
16t41a
2 ((E + p)(u− v)− (u+ v)∆)2
[4[(E + p)2 −∆2]− t41a2(1 + uv)2]2 + 4a2t41 [(E + p)(2 + u2 + v2)− (u2 − v2)∆]2
. (48)
For u 6= v, the zero is shifted to −p + ∆u+vu−v . When
u = v, the zero disappears, but the transmission is still
finite and proportional to ∆2. The poles are not easy to
interpret analytically, therefore, we numerically evaluate
the transmisison.
To demonstrate that the above analysis of the trans-
mission is valid, we evaluate the transmission using the
self energies from Eqs. (37) - (40) with the approximate
surface Green functions and spectral functions replaced
with the exact expressions from Eq. (28). We allow for
splitting of the degenerate energies, −p → −p±∆, and
scaling of t1 (ζ < 1) in Eqs. (37)-(38) to mimick a tun-
nel barrier. Fig. 3 shows the transmission calculated
from the degenerate subspace corresponding to the p = 4
state of an 8 unit cell xˆ-AFM coupled to anti-aligned
±zˆ-FM contacts. When u = v = µ, the transmission is
below 10−15. For both curves shown, the coupling ratio
of the hopping elements to the left contact are changed
to u = 1.1µ, and a ∆ = 0.5 meV splitting of the energies
is included. The upper curve results when ζ = 1 in the
self-energy expressions (37) - (40). The lower blue curve
results when ζ = 0.1 in Eqs. (37) and (38) to approxi-
mate reduced coupling to the left contact.
Thus, the essential physics giving rise to the Fano res-
onances is well explained by the symmetry of the cou-
plings of the anti-aligned ±zˆ-FM contacts to the spin
degenerate subspace formed by the ±xˆ polarized states
|ξ1, p〉 and |ξ2, p〉 and by the breaking of that symmetry
and degeneracy due to the presence of a normal metal
or tunnel barrier layer. In the absence of such a layer,
the symmetry and degeneracy is preserved, and the T↑,↓
transmission channel is blocked. The insertion of a nor-
mal layer between the top FM contact and the AFM
serves both to modify the ratio µ of the matrix elements,
since J = 0 in the normal region, and to break the spin
degeneracy of the AFM states.
IV. MAGNETO TUNNELING DETECTION OF
FERROMAGNETIC SKYRMIONS
In this section, we numerically study the effect of a
skyrmion on the tunneling magnetoresistance (TMR) of
the MTJ structure shown in Fig. 1. The goal is to cal-
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Figure 3: Transmission resulting from two spin
degenerate xˆ-AFM states coupled to anti-aligned
±zˆ-FM contacts. The parameters used are Nuc = 8,
t0 = 0.38 eV, J = 0.15 eV, ∆ = 0.0005 eV, u = 1.1µ,
v = µ, and p = 4. For the upper red curve, ζ = 1, and
for the lower blue curve, ζ = 0.1.
culate the tunneling magnetoresistance in the presence
of and in the absence of a skyrmion. The device region,
in the absence of a skyrmion, consists of either a FM or
AFM with with magnetization or Néel vector oriented in
the zˆ direction. The results in this section are identical
for both Bloch-type and Néel-type skyrmions.
First, we insert a FM skyrmion (FM-SK) into the de-
vice region, the green layer in Fig. 1, and compare the
TMR with a zˆ FM device. The length of the device re-
gion is 2 nm, which consists of 4 atomic layers, and the
barrier thickness is 1 nm. The exchange potential of the
top contact is set to be J = 500 meV so that the injected
current is 100% spin-polarized42. The exchange potential
of the device region is set to be Jdevice = 120 meV, to
make sure that the there is only one ferromagnetic band
at the Fermi level (Ef = −2.1 eV). The value of η used
in the iterative calculation the surface Green functions is
0.1 meV in all calculations.
The TMR in the presence (FM-SK) and absence (FM)
of a FM skyrmion is shown in Fig. 4a as a function of
the angle Θ between the magnetic moments of the two
FM contacts. When Θ = 0, the magnetic moments of
the contacts are aligned, and when Θ = pi, they are anti-
aligned. As Θ increases from 0 to pi, the resistance of the
zˆ FM device increases from 8 Ω µm2 to 2 × 105 kΩ µm2.
However, the TMR change in the presence of a FM-SK is
negligible. For the zˆ polarized FM in the device region,
the TMR depends strongly on Θ as one would expect for
a typical MTJ, since the magnetic moment of the FM
in the device layer is aligned with the magnetic moment
of the bottom contact. For the zˆ FM device at Θ = pi,
the spin-flip conduction channel, which is the primary
conduction channel available with good polarization of
the contacts, is blocked.
For the FM skyrmion device, the majority of the spins
in the central FM layer have an in-plane component, since
the spin texture of the skyrmion covers the Bloch sphere.
The in-plane spin components of the FM skyrmion open
the spin-flip conduction channel, and the resistance be-
comes insensitive to the polarization direction of the con-
tacts. The slight increase in the TMR of the FM-SK is
due to the fact that the skyrmion does not cover the en-
tire pillar area, and also its spin texture has a mix of
in-plane and out of plane components.
The TMR of an AFM device as a function of Θ is
shown in Fig. 4b with (AFM-SK) and without (AFM)
a skyrmion. For the uniform AFM with a Néel vector
along the zˆ axis in the device region, the TMR depends
strongly on Θ, and it is similar to the zˆ polarized FM
device of Fig. 4a. At Θ = pi, the TMR of the zˆ AFM
device increases from 8 Ω µm2 to 8 × 104 kΩ µm2, and
that of the AFM-SK device increases from 8 Ω µm2 at
Θ = 0 to 900 Ωµm2 at Θ = pi. With the anti-aligned FM
contacts, the presence or absence of an AFM skyrmion
changes the TMR by a factor of 9× 104.
This resistance change in the presence or absence of an
AFM skyrmion allows electrical detection, and the utility
of such a detection scheme depends on the ratio of the
resistance change. We define the resistance ratio as the
ratio of the TMR in the absence of the skyrmion to the
TMR in the presence of the skyrmion (RAFM/RAFM−SK).
Fig. 4c, shows calculations of the resistance ratio of an
AFM device with anti-aligned FM contacts as a function
of the insulator barrier thickness WI for finite contact
polarization and reduced Hund’s rule exchange coupling.
The polarization of the top contact remains at 100% and
the polarization of the bottom contact is reduced to 70%.
Results are shown for two values of Jdevice = 50 and 60
meV. AT WI = 0, (no tunnel barrier) the resistance ra-
tio of both Jdevice = 50 and 60 meV is approximately
2. Since the bottom contact is 70% polarized, there is a
∼ 30% T↑,↑ channel available for current to flow in the
zˆ AFM device, even though the FM contacts are anti-
aligned. For the AFM skyrmion device, the suppression
of the T↑,↓ transmission channel in the absence of a bar-
rier does not occur, since the AFM layers coupling to the
contacts contain spins of all angles, and the relationships
given in Eq. (24) do not hold. The presence of an in-
sulating barrier increases the resistance ratio. For finite
barrier thicknesses of 1 nm or more, the resistance ra-
tio becomes independent of the barrier thickness, and for
values of Jdevice = 50 and 60 meV, the ratios are 11 and
17, respectively.
9FM device
FM-SK device
TM
R 
(k
Ω 
μm
2 )
10−2
1
102
104
106
Θ
0 π/4 π/2 3π/4 π
(a)
AFM device
AFM-SK device
TM
R 
(k
Ω 
μm
2 )
10−2
1
102
104
Θ
0 π/4 π/2 3π/4 π
(b)
PBC = 70%,  Jdevice = 50 meV
PBC = 70%,  Jdevice = 60 meVre
sis
tan
ce
 ra
tio
0
5
10
15
Insulator thickness (nm)
0 1 2 3 4
(c)
Figure 4: TMR vs. Θ for (a) a ferromagnetic (FM) device
and FM skyrmion (FM-SK) device, and (b) an antiferro-
magnetic (AFM) device and AFM skyrmion (AFM-SK)
device. The exchange potentials of the device layer and
contacts are 120 meV and 500 meV, respectively. The
insulating barrier thickness is 1 nm. (c) Resistance ra-
tio versus insulator thickness at Θ = pi for two different
values of the device exchange potential as shown in the
legend. The bottom contact is 70% polarized.
V. SUMMARY & CONCLUSIONS
Transport through a layered antiferromagnet between
two FM contacts has been analyzed. An ideal layered
xˆ-polarized AFM between two antialigned ±zˆ FM
contacts carries no current due to the pi phase difference
of the matrix elements coupling the spin degenerate
states to the left and right contacts. The ratio of the
matrix elements of the ±xˆ AFM spin states to one zˆ
FM polarized contact is µ =
√
1−Jp
1+J/p
, and the ratio
to the other oppositely polarized FM contact is −µ.
Inserting a normal metal layer or tunnel barrier layer
between the top contact and the AFM alters this ratio,
since J = 0 in a normal region, and it also breaks the
degeneracy between the two spin states. The altering
of the ratio µ allows transmission with a zero at the
bound state energy, and the breaking of the degeneracy
shifts the energy of the pole from the zero giving rise
to a Fano resonance. This MTJ geometry with two
antialigned ±zˆ FM contacts can be used to sense an
AFM skyrmion in a central AFM layer. When the Néel
vector of the AFM layer is vertically aligned, resistance
is high. The presence of an AFM skyrmion introduces
in-plane components to the spin that act as an analogue
of the oblique polarizer in the triple polizer experiment.
The T↑,↓ transmission channel opens, and the resistance
decreases. The resistance ratio ranges from 11 to 17
in the presence of a insulating barrier as the device
exchange potential is changed from 50 to 60 meV for a
70% polarized bottom contact.
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